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This study focuses on the effects of mixing temperature, binder content, and dust content
on the performance of Stone Matrix Asphalt (SMA). Mixes produced at different mixing
temperatures and with or without added polymer modified binder (Pb) and/or bag house dust
(BHD) were evaluated. Two different types of specimens: laboratory mixed laboratory compacted,
and plant mixed laboratory compacted were evaluated by Cantabro Mass Loss (CML) testing in
an unaged condition or after a laboratory conditioning protocol (CP) was applied. Additional Pb
and BHD were added to plant produced mixes in the laboratory before mixing. Results showed
that mixing temperature affected behavior in some cases. Specimens with lower air void (Va) levels
performed better than those with higher Va levels. Additional polymer modified binder and BHD,
when added together, meaningfully improved mixture results in terms of CML values.
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CHAPTER I
INTRODUCTION
1.1

General and Background Information
Stone Matrix Asphalt (SMA) has been in use in the United States since the early 1990s

after its popularity in the Europe for high volume traffic. SMA utilizes a large portion of angular
coarse aggregates that can maintain stone-on-stone contact and help prevent rutting issues under
heavy traffic. SMA mix design requires high asphalt binder dosage which are usually polymer
modified. Some type of fiber is also incorporated in most cases to stabilize the mixture since the
mix itself is gap graded and has high binder content. Like any conventional asphalt mixture,
performance of SMA relies heavily on the types of aggregates used, aggregate gradation, asphalt
binder content, binder grade, fines content, type and amount of polymers and fibers utilized, and
mixing and compaction temperatures. Over the past several years, efforts have been made to lower
mixing and compaction temperatures of a variety of mix types with the aim to reduce energy
consumption and to lower overall carbon footprint. The practice of using polymers and fibers in
hot mix asphalt (SMA and other non-dense gradations in particular) has also increased over the
years to stabilize the mixture by minimizing binder drain down to the extent possible.
Asphalt mixing temperature is a critical factor that affects the production, placement, and
performance. Lower mixing temperatures can affect aggregate coating and can make mixtures
susceptible to moisture if the aggregates are not dried properly. Lower temperatures can also make
the mix harder to produce and can meaningfully affect its workability since colder mixes are harder
1

to compact to higher densities. Lower densities can cause premature pavement distresses like
oxidation, rutting, cracking, stripping, and raveling. On the contrary, higher mixing temperature
can affect viscous properties of asphalt binder also resulting in premature pavement distresses.
Fibers have been an integral part of SMA mix design to stabilize the mixture. Fibers are
incorporated to the mix to prevent asphalt binder from draining out of the mixture thus preventing
flushing, bleeding, and visible fat spots within a pavement. Fibers are specifically important in
SMA mixes as they have high asphalt binder content. Absence of fibers in SMA can cause the
asphalt binder to drain off the aggregate and down to the bottom of the mix (MDOT, 2017). SMA
also requires dust (particles passing a 0.075 mm sieve) to keep dust-to-binder ratios within
appropriate ranges. Dust not only occupies voids in between coarse angular aggregates to make
the mix denser, but also helps to reduce rutting as stated by Cooley et al. (2002) in NCAT report
02-04.
1.2

Objective and Scope
The primary focus of this thesis is to study the effects of mixing temperature, polymer

modified binder content, and bag house dust (BHD) on SMA mixture behavior. Materials utilized
for this study were obtained from an I20 project in Meridian and an I22 project in Tupelo, both in
Mississippi. Raw ingredients (aggregates and fibers) were sampled from both projects and were
brought to the Construction Material Research Center (CMRC) at Mississippi State University
(MSU) to produce laboratory mixed SMA. Binders were obtained from the suppliers and shipped
to MSU. Plant mixed samples were also collected on the same day as the aggregates and fibers
and brought to the laboratory for compaction. The specimens produced were either tested unaged
or were subjected to one of six laboratory conditioning protocols (CP) before being tested for

2

Cantabro Mass Loss (CML) in the LA Abrasion drum. Some of the specifics that this study is
trying to address are as follows:
•

Two different SMA mixes produced at four different mixing temperatures were studied to
observe the effect of mixing temperature on mixture durability.

•

SMA mixtures with added polymer modified binder (Pb) and/or BHD were compared to
those without added Pb and/or BHD, both produced at same temperature, to observe the
effect of additional Pb and/or BHD on SMA behavior.

•

SMA mixtures produced at two different air voids were studied and analyzed to observe
the effect of density on SMA properties as temperature can affect density.

•

SMA mixtures subjected to different laboratory conditioning protocols (CP) were studied
to analyze how well a mixture produced at one temperature and/or with/without added Pb
and BHD behaves compared to a mixture produced at a different temperature.

1.3

Project Summary
The study is outlined in six chapters. Chapter II provides a literature review of SMA

practices in the United States, effects of mixing temperature on SMA and other asphalt mixtures,
drain down, fat spots, bleeding, and flushing related issues, and different Department of
Transportations’ (DOTs) recommendation on SMA mixing temperature and polymer modified
binders and fibers requirements for SMA mixes. Some conventional asphalt mixes are also
included in the literature review to study the effect of mixing and compaction temperature for
asphalt mixtures in general. Chapter III thoroughly discusses the experimental program which
includes SMA mixture properties, gradation information, mixture production, specimen
fabrication, laboratory conditioning protocols, and mixture densities and properties testing
3

procedures utilized in this study. Chapter IV includes test results and analysis. Conclusions and
recommendation are presented in Chapter V. Chapter VI provides a list of references utilized.
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CHAPTER II
LITERATURE REVIEW
2.1

Overview
Stone Matrix Asphalt (SMA) has been used in the United States since the early 1990s and

has gained popularity for being a durable and rut resistant mix. SMA has become a topic of interest
to researchers as its performance, just like traditional dense graded asphalt mixtures, depends
heavily on types of aggregates, binders, and fillers used and production and placement
temperatures. Availability of resources play important roles as production of SMA requires high
binder content and crushed aggregates that are expensive and not always readily available. This
literature review focuses on the effects of mixing temperatures on SMA mixture performance and
stability concerns within SMA mixes. Both SMA, as well as traditional dense graded asphalt
mixtures, are reviewed to study some general trends on mixture properties like binder rheology at
different mixing temperatures and similar. Bleeding, flushing, and fat spots caused by drain down
within SMA are also discussed in this section.
2.2

SMA Practices in Mississippi and Neighboring States
Cooley and Hurley (2004) studied the potential of using SMA in Mississippi using locally

and regionally available aggregates like Mississippi gravel, north Mississippi gravel, Nova Scotia
granite, Alabama limestone, and Arkansas sandstone in various combinations. Sixteen different
SMA mixes with two nominal aggregate sizes (9.5 mm and 4.75 mm) were produced using
unmodified PG 67-22 binder and marble dust mineral filler. Polymer modified binder PG 76-22
5

was not used to minimize the interference of binder stiffness on stone-on-stone contact. Mix
combinations included two native Mississippi gravels utilizing two NMAS (4 mixes) and two
native gravels (30 percent each) combined with 70 percent of limestone, sandstone, or granite (12
mixes). Hydrated lime and cellulose fiber were also incorporated in each mixture in accordance
with MDOT standards. Each mixture was compacted to 4 percent air void and was tested for void
in coarse aggregate (VCA), down drain sensitivity, and rut resistance. Compaction temperature
was determined using traditional temperature-viscosity curve approaches. Results showed that, for
4.75 mm NMAS, stone-on-stone contact (VCA) requirements were hard to achieve when South
Mississippi gravel was used except for the combination of South Mississippi gravel and Arkansas
sandstone. Stone-on-stone contact requirements were achieved for all 9.5 mm NMAS mixes except
for South Mississippi gravel and Alabama limestone combination. North Mississippi gravel
satisfied all VCA requirements except for 4.75 mm NMAS North Mississippi gravel and Alabama
limestone combination. All mixes that achieved stone-on-stone contact had noticeably less than
0.3 percent drain down possibly because of the presence of cellulose fibers in the mix. Mixes with
Arkansas sandstone had relatively high rut resistance. South Mississippi gravels were not angular
enough to facilitate stone-on-stone contact. The authors concluded that it was possible to design
SMA mixes using Mississippi aggregates with some modifications.
Brown and Cooley (1999) in NCHRP Report 425 stated that the rocks used in SMA should
be angular enough to have stone-on-stone contact. L.A. abrasion values of less than 30 percent
indicatd that the aggregates are sufficiently durable to withstand imposed loads. Low aggregate
water absorption is preferable, and higher optimum asphalt content should be selected if absorption
is high. SMA mixes are prone to drain down because of the presence of predominantly coarser
aggregates. The use of stabilizing agents like polymers, fibers, and mineral fillers is recommended
6

in the NCHRP report to minimize drain down, bleeding, and possible fat spots. Fibers were more
effective in reducing drain down compared to polymers.
Brown and Cooley (1999) evaluated two different methods to determine mixing and
compaction temperatures. The first method included combining the materials finer than 0.075 mm
and the asphalt binders and testing the mortars in a Brookfield viscometer. The second method
included measuring the stiffness of SMA mixtures using a workability device at different
temperatures. Both tests successfully measured the stiffness of the mortar and the mix, however,
did not provide a reasonable mixing and compaction temperature. The report suggested using the
temperature-viscosity relationship in accordance with AASHTO T245 to determine the mixing
and compaction temperature. Testing to determine the effects of high temperature on asphalt
binder led to a significant change in binder properties from 356 0F to 382 0F. Even though high
temperatures are needed for polymer modified SMA mixes, mixing temperature greater than 350
0

F was not recommended.
Asphalt production temperature varies widely depending on the type of asphalt binder and

mixtures being used. For example, the Alabama Department of Transportation (ALDOT) allows
maximum asphalt mixing temperature of 350 0F and minimum delivery temperature of 250 0F for
hot-mix asphalt (ALDOT, 2014). The Mississippi Department of Transportation (MDOT, 2017)
has a maximum production temperature limit of 340 0F. Similarly, the Virginia Department of
Transportation (VDOT) allows a maximum production temperature of 350 0F.
Table 2.1 and Table 2.2 summarize mixture production temperatures implemented by states
within the Southeastern Asphalt User/Producer Group (SEAUPG). Information presented in Table
2.1 and Table 2.2 were retrieved from the Department of Transportation (DOT) pavement design
specifications/guide/manual of each state.
7

Table 2.1

Mixing Temperature Recommended by States within SEAUPG (1 of 2)

States
Alabama

Mixing Temp (0F)
<350

Details
Section 423.04(b) of ALDOT 2018 standard specifications for highway construction states
that SMA should not be heated above 350 0F without the approval of engineer.

Arkansas

Not Specified

ArDOT 2014 design guide states that the mixing temperature should be based on temp
viscosity curve of asphalt binder (404.01(b)). Should be within 25 0F of approved mix
design temperature (410.03). Placement temp. should be no less than 250 0F (410.07). SMA
is not specified.

Florida

315 to 340

Section 334-3.2.7 of FDOT 2021 standard specifications for roadway and bridge
construction states that the mixing temperature should not exceed 340 0F for High Polymer
binder, 330 0F for PG 76-22, and 315 0F for unmodified binder. SMA is not specified.

Georgia

347

Section 820.2.01 of GDOT 2021 specifications states the selection of asphalt cement that
does not foam when heated to 3470 F. PG76-22 should be used with SMA.

Kentucky

330 to 350

330 0F for PG 64-22 and 350 0F for PG 76-22 when utilized in HMA as stated in 401.03.01
of 2012 DOT standard specifications. SMA is not specified.

Louisiana

Not Specified

DOT 2016 standard specifications state that the mixture design should be in accordance
with AASHTO M325. Mixing temperature should be as recommended by asphalt cement
supplier. SMA is not specified.

Mississippi

340

Section 401.03.8.1 of MDOT 2017 standard specifications states that HMA shall not exceed
340 0F when discharged from the mixer.

North
Carolina

300 to 325

Section 610.3 (Table 610-1) of 2018 standard specifications states that asphalt mixing
temperature should be 300 to 325 0F when PG 76-22 is utilized. SMA is not specified.
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Table 2.2

Mixing Temperature Recommended by States within SEAUPG (2 of 2)

States
Oklahoma

Mixing Temp (0F)
275 to 350

Details
Section 708.03(b) and 411.04(b1) of 2009 Oklahoma standard specifications state that SMA
mixture temperature should be between 275 0F and 350 0F when PG 76, PG 70, or PG 64 is
utilized.

South
Carolina

250 to 325

Section 401.4.7 of SCDOT 2007 standard specifications for highway construction
recommends not to exceed 325 0F when heating the unmodified binder. Section 401.4.8
specifies heating aggregates between 250 and 325 0F or within the temperature range
recommended by binder supplier. SMA is not specified.

Tennessee

270 to 330

Section 407.11 of TDOT 2015 spec book specifies mixing temperature to be in between
270 0F and 330 0F when hot mix asphalt is produced. Mixing temperature should be in
between 290 and 330 0F when PG 76-22 is utilized. SMA is not specified.

Texas

325

Texas Asphalt Pavement user guide specifies mixing temperature of 325 0F when PG 7622 is utilized in HMA. Section 4.5.2 of SMA specification states maximum allowable
temperature of 350 0F and not lower than 215 0F during placement.

Virginia

315 to 340

Section 248.05 of VDOT 2016 road and bridge specifications recommends plant mixing
temperature of 315 0F to 340 0F and specifies that SMA mixing temperature shall not exceed
350 0F.

West
Virginia

225 to 300

Section 311.8 of WV DOT 2017 standard specifications for roads and bridges specifies
mixing temperature of 225 to 300 0F. Section 404.4.2 recommends the mix temperature
established by the temperature-viscosity curve or as recommended by asphalt supplier.
SMA is not specified.

9

2.3

Effects of Mixing Temperatures on SMA Mixtures and Binder Rheology
Determining suitable mixing temperature is an integral part of asphalt production as it

affects mixture performance. For example, lower mixing temperatures make mixes stiffer, thus
harder to achieve adequate densities; and cause moisture susceptibility if aggregates are not dried
out properly. On the other hand, higher mixing temperatures can accelerate binder aging affecting
the rheology and overall performance of the mixture.
Khedmati et al. (2017) performed a study to examine the effects of mixing temperature on
moisture susceptibility of warm mixed SMA produced at temperatures ranging from 212 0F to 284
0

F. Lower mixing temperature can cause an increase in moisture susceptibility due to adhesion

failure as moisture may have remained in the aggregates. The authors used Indirect Tensile
Strength (IDT) testing to evaluate moisture susceptibility. Results showed the optimum
temperature for achieving maximum Tensile Strength Ratio (TSR) values to be around 248 0F
indicating that increasing the mixing temperature can improve moisture resistance in SMA warm
mix asphalt, possibly by decreasing moisture trapped in the aggregates. Scherocman and Kennedy
(1998) also pointed out that a wide fluctuation in the asphalt mix temperature indicates moisture
susceptibility which can contribute to both the generation of fat spots and bleeding. Therefore, it
is essential to keep the moisture content of the aggregates as low as possible (not more than 0.5%).
Willoughby et al. (2001) studied the detrimental effects of low compaction temperatures
to determine the problem the Washington State DOT was experiencing with hot-mix paving.
Lower compaction temperature causes an increase in air voids, thus decreasing the life of the
pavement. Field samples from three SMA projects and other dense-graded and open-graded
projects that took place in three different years (1998, 1999, and 2000) were tested. Delivered mix
temperature and associated temperature differential, cooler and normal temperature areas were
10

determined. Nuclear densities and cores were obtained from paired normal and cooler-temperature
areas. Their results showed reduced compaction of the areas with concentrated cooler mix. The
cooler areas had higher air voids (Va) than the normal temperature areas, with an average of 3.9
percent difference in air voids. The authors’ literature review showed approximately 10 percent
decrease in pavement life with every 1 percent increase in air voids (Va), concluding that lower
compaction temperature resulted in accelerated pavement distress.
A laboratory study performed by Al-Qadi et al. (2012) on the effects of curing time and
reheating on the performance of warm SMA showed that the asphalt mixture that was reheated
had higher modulus, rutting resistance, and tensile strength but smaller fracture resistance. The
SMA mixture used in the study had 12.5 mm NMAS crushed gravel and a small amount of
reclaimed material (RAP). PG 64-22 virgin binder modified with ground tire rubber (GTR) and
SBS modified PG 70-22 were utilized at 6.2% with various warm mix additives. Four mixtures,
control SMA, Evotherm SMA, Sasobit SMA, and Foamed SMA, were compacted at 302, 257,
257-284, and 257 0F, respectively. The target density was 6.0 ± 0.5% Va. The authors concluded
that a significant change in binder viscosity during the reheating process altered its rheology,
making it more brittle at colder temperatures.
Efforts have been made to reduce the production temperature of asphalt mixtures as it
comes with environmental and potential economic benefits. Leng and Al-Qadi (2011) performed
a comparative life cycle assessment between warm Stone Matrix Asphalt (SMA) and conventional
SMA. The results of their study indicated that warm SMA provides significant environmental
benefits. Decreasing the mixing temperature from 325 to 280 0F reduced the overall environmental
impact of the material production, transportation, and placement by 6.4% while allowing for traffic
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to be opened earlier (Leng and Al-Qadi, 2011). However, reducing the production temperature
has its own drawbacks, including challenges with workability and placement.
The Transportation Research Board (TRB) published a research article by Bahia et al.
(2006) on factors affecting the compaction of asphalt pavements focusing on properties of asphalt
binder at various temperatures. The authors did not study any particular asphalt mixture but
analyzed binder rheology that can be used to determine the mixing and compaction temperature.
Bahia et al. (2006)’s main argument was that binder requires high temperatures to be fluid enough
to coat aggregates and should remain hot enough to allow for proper mixing and compaction in
the lab or on the road. Since asphalt rheology is prone to heat catalyzed oxidation, binder can suffer
severe damages if heated to higher temperatures. Recommendations were not to exceed asphalt
mixing temperatures beyond what is required to achieve reasonable workability, sufficient density,
and required moisture content.
Brown et al. (1997) summarized mix design and performance data obtained from 86 SMA
projects to evaluate the performance of SMA in the United States. Their findings showed that the
temperature at which materials are mixed could affect viscosity of the binder, and high temperature
can lead to drain down problems, especially in mixes without fibers – which can lead to other
issues like fat spots, flushing, and bleeding.
2.4

Effects of Mixing Temperature on non-SMA Mixes
Mo et al. (2012) performed a laboratory investigation of compaction characteristics and

performance of warm mix asphalt containing chemical additives. Unmodified and SBS modified
bitumen were utilized to produce mixtures at temperatures ranging from 230 to 338 0F. Even
though reducing mixing temperature is more sustainable (if there are no performance losses), the
authors mentioned that lower mixing temperature makes mixtures susceptible to moisture damage,
12

possibly due to less binder coating. Reduced temperatures can make mixture compaction difficult
resulting in rutting, raveling, and water damage due to insufficient compaction. Oliveira et al.
(2012) performed several laboratory tests on asphalt rubber mixtures with and without surfactantbased additives. Their conclusion was that the incorporation of a small amount of surfactant-based
additive reduced the asphalt mix production temperature by 86 0F without compromising their
performance. Using Warm Mix Asphalt (WMA) technology with certain additives can help to
reduce mixing temperature as well as provide proper workability and placement. However,
depending on the type of mixture, reducing mixing temperature may not always be an option.
A report published by Bennert et al. (2011) on the influence of production temperature on
the initial performance of warm-mix asphalt indicated a decrease in rutting resistance and stiffness
for colder mixes when evaluated in an asphalt mixture performance tester and dry Hamburg wheel
tracking (HWT) test. The study did not include SMA in particular. The asphalt binder utilized in
the study was styrene-butadiene-styrene (SBS) modified PG 76-22 binder. The binder was blended
with three warm mix additives (Evothem 3G, Rediset, and Sasobit) at varying dosage rates for 1
hour on a low shear mixture at 385 0F. Each of the blends was used to produce 12.5 mm coarse
graded Superpave mix containing trap rock aggregate from New Jersey. The mixture was a
representation of a typical surface course mixture in New Jersey. The mixtures were produced at
varying temperatures (225 0F to 335 0F) and were compacted at temperatures ranging from 210 0F
to 320 0F with 6 to 7% air voids. Their findings also indicated that, at lower temperatures, Tensile
Strength Ratio and wet HWT were only slightly above the acceptable range. Fatigue cracking
resistance, however increased in an overlay tester at lower mixing temperatures. Their major
concern was that the reduced mixing temperatures might not adequately dry the aggregates and
cause moisture related issues in the field.
13

Kennedy et al. (1984) performed a study at the University of Texas at Austin to analyze
the effects of lower compaction temperatures on the engineering properties of asphalt concrete
mixtures. The field study included collection of mixing and compaction temperature data, density
measurements, and Hveem stability of job control laboratory specimens followed by a survey to
determine the nature and extent of the observed distresses. Specimens were prepared at different
compaction temperatures and different densities and were tested for Hveem stability and dry and
wet tensile strengths as a part of the laboratory study. The study did not include SMA in particular.
Field materials contained 13% virgin aggregates, 1.85 to 2.75% AC-10 emulsion, and 40 to 60%
reclaimed materials mixed at the plant at temperatures ranging from 180 to 310 0F. Laboratory
specimens were produced at field mixing temperature and were compacted to Va closer to the cores
obtained from the field. Field and laboratory data obtained showed an adverse effect of low
compaction temperature on engineering properties of asphalt, contributing to the development of
premature distresses. Tensile strength, static and resilient moduli, Marshall stability, and to some
extent, Hveem stability were reduced when compaction occurred at lower temperatures. Their field
results backed up their laboratory results showing the probability of reduced performance at lower
mixing and compacting temperature.
Abbas et al. (2013) studied the effect of temperature reduction on the performance of
foamed warm mix asphalt. The study did not include SMA in particular. PG 70-22 and PG 64-28
asphalt binder were used to produce mixes with limestone and crushed gravel aggregates at NMAS
of 12.5mm and 19.0 mm. The foamed WMA mixtures were produced using production
temperatures lower than conventional HMA. Their results indicated increased susceptibility to
permanent deformation (or rutting) and moisture-induced damages in the mixture produced at
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lower temperatures. Their recommendation was to keep the maximum reduction temperature of
30 0F to produce foamed WMA – lower temperatures were not recommended.
Raghavendra et al. (2016) performed a study to qualify the laboratory performance of field
produced mixtures that utilized WMA technologies and to evaluate the influence of lowering the
production temperature on field mixture properties. Three field projects across Louisiana were
selected to provide eight mixtures for the evaluation of WMA technologies. Their results indicated
no difference in the rutting performance of WMA compared with HMA. WMA technologies
improved mixture fracture resistance. However, the Tensile Strength Ratio (TSR) of the WMA
mixture was lower than the TSR criterion of 80% in the third project in comparison to conventional
HMA. Lower TSR might be the result of moisture susceptibility of the WMA mixtures. SMA was
not included in the study.
Asphalt mixing temperature directly affects the compaction temperature options. Saedi
(2012) performed a study to determine the effects of compaction temperature on HMA properties.
With a change in compaction temperature, the volumetric properties of constructed pavement are
likely to have variations. Their results concluded that increasing compaction temperature caused
density to increase, but there was a limitation for this increase (293 0F) and afterwards density was
decreased. Also, increasing the temperature increased stability – the maximum rate of increase was
found between 239 0F – 293 0F.
Huner and Brown (2001) studied the effects of reheating and compaction temperature on
hot mix asphalt volumetrics. Two different experiments were performed to collect volumetric data.
PG 64-22, SBS modified PG 76-22, low absorption granite, and high absorption sandstone at two
different gradations were utilized to produce eight different mixes. The study did not include SMA.
Mixes were compacted with the Superpave gyratory compactor after 0, 3, and 20 hours storage for
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the first experiment and mix was compacted at three different temperatures for the second
experiment. Their results showed no significant effect of storage time plus reheating on the
volumetric properties of the material compacted. Increasing or decreasing the compaction
temperature by 58 0F also had no effect on the volumetric properties either.
Delgadillo and Bahia (2008) studied the effects of temperature and pressure on hot mix
asphalt compaction in the field and the laboratory. Compaction in the field occurred at
temperatures ranging from 140 to 257 0F, however desired density was achieved only for
temperatures above the 158 – 176 0F range. As a part of the laboratory study, compaction was done
using a superpave gyratory compactor at field compaction temperatures and constant pressure.
Binder testing was also performed to determine the binder viscosities at field compaction
temperatures. Their findings showed that the Gmm value did not reduce dramatically when the
temperature was reduced to approximately 167 0F but reduced significantly when the temperature
went below 167 0F.
Bijleveld et al. (2012) studied the influence of compaction temperature on the mechanical
properties of asphalt to determine the optimal temperature and time frames to compact hot-mix
asphalt. A roller sector compactor was used in the laboratory to compact 24 slabs at four different
temperature windows (176-212 0F, 212-266 0F, 284-302 0F, and 320-338 0F) that were tested for
indirect tensile strength (ITS) and cyclic compression (CC). As a part of the field study, three lanes
were compacted within three different temperature windows (less than 212 0F, approximately 266
0

F, and 302-320 0F). High resolution GPS technology was used to track paver and roller

movements. Asphalt temperature was measured with infrared cameras, thermocouples, and an
infrared laser line scanner. Later, cores were obtained from all three lanes, densities were
determined, and specimens were tested for ITS. Their findings concluded that the force and energy
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required to achieve desired density increases with the decrease in compaction temperature. Even
though the target density is reached, compaction outside the compaction temperature window can
decrease cracking resistance by 35%. The study suggested to not just consider bitumen viscosity
and the density, but also to focus on compaction window based on compaction temperature and
the resulting mechanical properties in order to make pavement more durable.
Yildirim et al. (2000) investigated the mixing and compaction temperature for hot mix
asphalt. Superpave mix design recommends mixing and compacting at temperature corresponding
to the binder viscosities of 0.17 and 0.28 Pa*s, respectively. Yildirim et al. mentioned that most
modified binders exhibit pseudoplasticity (viscosity depends on shear), thus at high shear rate that
occurs during mixing and compaction, it is not necessary to use very high temperature. Two
different mix designs and seven different asphalt binders were used for the study. In all cases, Gmb
values increased with an increase in compaction temperature.
2.5

Mixture Stability of Stone Matrix Asphalt
SMA mixes have predominantly coarse aggregates and minimal fine aggregates to hold the

binder in place, which can cause binders to leave the mix, also known as drain down, resulting in
bleeding and flushing of the mixture. Fillers, polymers, and fibers are widely used in SMA mixes
to improve stability and prevent asphalt drain down. Every state addresses the mixture stability
problem by specifying the use of stabilizers and fillers in SMA, but different states have different
requirements on the amount of fillers, polymers, and fibers that can be used within SMA depending
on the location and availability of resources.
Alabama DOT (2018) requires the use of fiber stabilizers in SMA to keep the drain down
below 0.3%. SMA is also called a fiber stabilized asphalt concrete in ALDOT specifications to
emphasize the importance of fiber in SMA mixture. Fiber stabilizer should be uniformly mixed,
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and dosage should be selected based on drain down test results. ALDOT allows the use of
Reclaimed Asphalt Shingles (RAS) as stabilizers if appropriate requirements are met. Florida DOT
(2021) allows the use of mineral or cellulose fibers with a maximum length of 0.25 inches at the
dosage rates of 0.3% to 0.4% by weight. Georgia DOT (2021) requires the use of mineral filler
and fiber stabilizing additives in SMA mixtures to prevent drain down. The mineral filler should
have a gradation of 100 percent passing through number 30 sieve, 95 to 100 percent passing
through number 50 sieve, and 55 to 100 percent passing through number 200 sieve. Similarly,
Kentucky DOT (2012) and Louisiana DOT (2016) require the use of either cellulose or mineral
fibers in the SMA mixtures to prevent drain. Kentucky DOT specifies dosage rate and quality
requirements should be in accordance with AASHTO M325. MDOT (2017) specifies the use of
stabilizing cellulose or mineral fibers in SMA mixtures for drain down reduction (less than 0.3%)
at a minimum dosage rate of 0.30 percent. Virginia DOT (2016) also requires the use of cellulose
fibers at a minimum dosage rate of 0.3 percent by weight of the total SMA mix. The addition of
fiber is recommended if drain down exceeds 0.3 percent. Most DOTs specified the use of a separate
feed for fibers and proportion control within 10% of the required dosage.
2.5.1

Drain Down and Fat Spots in SMA
Lavasani et al. (2015) studied the effects of mineral and organic fibers on resilient modulus

and dynamic creep of SMA. Rockwool was used as a mineral fiber, and polyester was used as an
organic fiber at dosage varying from 0.0 to 0.6% and were introduced to the mixture with different
binder contents. Findings showed the unmodified binders were unable to fill coarse aggregates
voids in SMA mixtures. The use of polymer modified binder might provide better stone-on-stone
contact. The authors found an improvement in mixture properties with the addition of both mineral
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and organic fibers. Adding fibers beyond optimum dosage, however, reduced aggregate cohesion.
Fibers were successful in preventing drain down at high temperatures.
Mogawer and Stuart (1995) studied the effect of coarse aggregate content on SMA rutting
and drain down. Crushed diabase and limestone were used as coarse aggregate along with AC-20
asphalt cement. Three different gradations were utilized. Two stabilizers, cellulose fiber and
polymer, were used to stabilize the mortar. The mixture was produced at 309 0F and was compacted
to 3.5 percent air voids at 289 0F. Drain down analysis was performed on the loose mix using a
2.36 mm sieve. Rutting testing was performed on compacted slabs. The authors concluded that the
binder content, VMA, and VFA increased, and stability decreased with the increase in coarse
aggregate content. Cellulose fiber did a better job in reducing the mixture drain down. Drain down
was hard to control at high coarse aggregate contents. The authors found no significant change in
rutting when the coarse aggregate content was decreased from 80 to 60 percent.
Simha (2017) studied the effects of fillers on the stability properties of SMA. The study
utilized fillers like glass powder, magnetite, cement kiln dust, and filler fly ash, each used at 5, 6,
and 7% were mixed with aggregates with different gradations, fibers, and 80/100 grade of bitumen
to produce test specimens. Specimens were tested for Marshall properties. Filler fly ash was found
to be the best stabilizer when compared to glass powder, cement kiln dust, and magnetite, but
magnetite filler showed least deformation at 6% bitumen content.
Binder drain down can result in the appearance of thick dark spots in construction sites,
commonly referred to as bleeding or fat spots. Scherocman and Martenson (1984) described fat
spots as isolated areas where asphalt cement has come to the surface of the mix during the laydown
and compaction operation. If the fine and coarse aggregates are not properly dried, the moisture
can pull asphalt cement to the surface of the mix behind the paver as the moisture evaporates and
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escapes the mix. Scherocman and Martenson (1984) also mentioned that an excess of fluids in the
asphalt concrete mixture could result in bleeding if the adequate density is not achieved in the
mixture during compaction. Few fat spots in the mix would not affect the durability of the mixture
to a significant degree; however, a great number of fat spots or bleeding could cause variation in
air voids and might result in pavement distresses like shoving and rutting.
A study performed by Brown et al. (1997) on the performance of SMA mixtures in the
United States showed fat spots to be the biggest performance problem – caused by segregation,
drain down, high asphalt content, or improper type or amount of stabilizer. Mix design and
performance data were obtained from 86 SMA projects, and performance was evaluated based on
several factors including rutting, cracking, raveling, and fat spots. One of the major reasons for fat
spots was drain down, resulting from the fiber feed not working properly. An improper amount of
stabilizers can also cause drain down resulting in fat spots. The study also mentioned a high asphalt
content (which flushes during compaction) to be another reason for fat spots in SMA mixtures.
Moisture in the mixture was a big issue as moisture, when vaporized, took the binder out of the
aggregates up to the surface under traffic resulting in fat spots. Segregation was not the biggest
concern in SMA, however, reverse segregation where some localized areas did not have enough
coarse aggregates also resulted in small fat spots.
Another research study conducted in Virginia by Clark and McGhee (2006) showed that
fat-spots were common in SMA pavements and were the result of localized flushing of the mix.
An occasional small fat spot was considered acceptable. Their paper stated that it was important
to keep the mineral filler dry as moisture prevented the asphalt liquid from adhering to mineral
filler – causing the excess liquid to move upward resulting in fat spots. Chen (2010) mentioned
that flushing and fat spots could be caused by paving over unbroken tack and might need
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immediate corrective action depending on the nature and extent of flushing. Watson (2003), in an
updated review of SMA and Superpave projects, stated that the fat spots, which were the biggest
performance problem in 1995, were worn off by traffic over time and were not noticeable during
a 2001 review.
2.5.2

Drain Down and Fat Spots in non-SMA Mixes
Moore et al. (2001) published design, construction, and maintenance guidelines for porous

asphalt pavement in Oregon. The primary construction issues during transportation and placement
were drain down of the binder and cooling of the mixture. Excessive drain down resulted in fat
spots in the finished surface. This problem has been addressed through proper selection of mixing
and compaction temperatures, the use of modified binders (PBA-6), and the use of fibers. Their
experience has been that the use of end dump trucks depositing directly into the paver is most
likely to result in fat spots in the finished surface. Results indicated that the fat spots and rutting
generally occurred where there were excess asphalt and asphalt fines.
Brown et al. (1991) evaluated pavement bleeding problems on I-55 in Illinois to evaluate
hot mix asphalt (HMA) and to determine potential causes of fat spots. Their visual inspection
showed that shortly after construction fat spots began to appear throughout the project on a 3-inch
HMA overlay of an existing PCC pavement. The fat spots were prominent at end of truck loads
which later showed stripping, rutting, and shoving problems, and also developed into potholes.
Core samples were obtained from fat spots, adjacent to fat spots, and from random locations
throughout the project. Rut depth was also measured. The cores were then tested for asphalt
content, gradation, void content, and slag content. The asphalt binder from some of the cores were
recovered, and viscosity and penetration were determined. Test showed that migration of the
asphalt binder and filler from the bottom of the surface course to the top of the course resulted in
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bleeding. Also, the asphalt cement recovered from the bleeding areas were much less viscous than
expected. The results indicated contamination of the HMA with some solvent (likely diesel) during
the placement operation to be the likely cause of the fat spots.
2.6

Summary of Literature Review
Asphalt mixture properties are considerably affected by the temperature at which they are

mixed. Excessively high mixing temperatures are not desirable because the visco-elastic property
of binder is prone to accelerated oxidation at these temperatures. Excessively low mixing
temperatures, on the other hand, can affect workability, placement, and can cause moisture
susceptibility. Determining the mixing temperature can be challenging as it involves several tradeoffs. Most DOTs recommended mixing temperatures greater than 315 0F but lower than 350 0F,
particularly for SMA. SMA, being a gap-graded asphalt, requires a high dosage of asphalt binder
and stabilizing agents to stabilize the mix. Mineral fillers, polymers, and fibers were some of the
stabilizing agents used in the reviewed literatures. These stabilizers were also recommended by
most DOTs to improve drain down and the overall performance of SMA mixtures.
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CHAPTER III
EXPERIMENTAL PROGRAM
3.1

Overview
This chapter discusses preparing and testing laboratory and plant mixed SMA specimens

in the laboratory. Materials used in this study were collected from Meridian I20/I59 and Tupelo
I22 projects under the management of APAC Mississippi, Inc. Raw ingredients and plant mixed
materials were sampled from both project locations to produce either plant mixed and laboratory
compacted or laboratory mixed and laboratory compacted specimens. Some important project
details (collected prior to the author’s beginning of graduate school) were provided by the author’s
major professor that are included in this section for clarity purposes.
3.2

Sample Collection
Aggregates were sampled directly from plant stockpiles using a shovel and a plyboard. A

plyboard was placed perpendicular to the stockpile surface just above the sampling location to
prevent segregation, and samples from underneath were collected in 5-gallon plastic buckets.
Collected raw ingredients were transported to the laboratory for mixing and compaction. Fibers
and binders were shipped directly to the laboratory. Plant mixed materials were sampled from
asphalt trucks before leaving the plant and were transported to the laboratory in metal buckets. A
total of 206 SMA specimens were made and kept as a part of this experimental program. A few
other specimens that were produced to verify mix design, to experiment with dust or binder
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additions, and specimens that were produced out of tolerance were discarded.

Figure 3.1

summarizes sample collection processes.

Figure 3.1

3.2.1

Sample Collection and Field Observations

Meridian I20/I59
Raw ingredients (Figure 3.1(a)) and plant mixed materials (Figure 3.1(b)) were sampled

on the evening of June 26, 2019 from APAC-Mississippi’s Meridian plant. Binder resembling the
material used on the project was obtained from Hunt Refining a few days later. Fifteen 5-gallon
metal buckets were filled with plant produced asphalt mixture from a single truck with each bucket
containing about 25 to 30 kg of material. Rochester thermometers were used to measure sample
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mixture temperatures (Figure 3.1(c)) from some of the buckets just after they were filled. Table
3.1 summarizes the temperatures measured. The average temperature of 353 0F was approximated
to 355 0F for the baseline temperature of this mix in laboratory activities. Temperatures measured
in sampled buckets were slightly lower than plant control temperature reading of approximately
360 0F.

Table 3.1
Bucket
1
3
5
7
9
11
13
15
Avg

Meridian Plant Mix Temperatures
Thermometer Temp (oF)
355
355
350
355
345
360
350
355
353

A set of quality control (QC) results provided by APAC from Meridian reported mixture
temperature of 346 0F, total binder content of 6.0%, and 9.0% passing a No. 200 sieve (8.1%). The
remaining gradation was reported to be very close to design values. Mixture gradation and specific
gravity data is provided later in this chapter.
3.2.2

Tupelo I22
Raw ingredients and plant mixed materials were sampled on the morning of August 16,

2019 from APAC-Mississippi’s Auburn Road (south Tupelo) plant. Binder resembling the mixture
used on the project was obtained from Ergon Asphalt & Emulsion a few days later. Fifteen 5gallon metal buckets were filled with plant produced asphalt mixtures from a single truck with
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each bucket containing about 25 to 30 kg of material. Table 3.2 summarizes temperatures measured
in some of the buckets with Rochester thermometers just after they were filled with the mix. The
average temperature of 344 0F was approximated to 345 0F for the baseline temperature of this mix
in laboratory activities.
Table 3.2
Bucket
1
3
5
7
9
11
13
15
Avg

Meridian Plant Mix Temperatures
Thermometer Temp (oF)
350
350
340
340
335
345
345
350
344

Two sets of QC results were provided by APAC from Tupelo. The first sample, taken at
174 tons, was reported to have a temperature of 334 0F, No. 200 sieve particles of 9.5% (8.7%
design), and the total binder content of 6.6% (6.3% design). The second sample was taken at 1028
tons. The mixture temperature was reported to be 337 0F with 9.6% of particles passing No. 200
sieve, and the total binder content of 6.4%. The overall gradation for both samples was reported to
be fairly close to but slightly finer than design. Mixture gradation and specific gravity data is
presented later in this chapter.
3.3

Specimen Preparation
Specimens were prepared in three manners: 1) plant mixed specimens compacted in the

laboratory; 2) baghouse dust (BHD) and/or binder added to plant mixed specimens and compacted
in the laboratory; and 3) raw ingredients mixed and compacted in the laboratory following plant
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mix design proportions. Table 3.3 summarizes 206 specimens that were produced in the laboratory
as a part of this study. Mixture identification numbers M58 through M61 were used to represent
the mixtures and letter subscripts (a, b, or c) were used to denote variations within the fourteen
mixtures that were produced as a part of this study. Mix ID’s correspond to a multi-year evaluation
at a full-scale aging site known as Columbus Parking Lot (CPL). Specimens produced were 150
mm diameter and roughly 115 mm tall. Roughly 5 kg of mixed material was used to produce one
specimen at a time each weighing roughly 4.3 to 4.5 kg. Extra material was discarded.
Table 3.3
Global
Mix
ID
M58
M58a
M58b
M59a
M59b
M59
M59c
M60
M60a
M60b
M61a
M61
M61b
M61c

Summary of Test Matrix with Mixture Variation
Type
MPM
MLM

TPM
TLM

Extra
Specimens Tmix
Binder
Tested
(oF)
(%)
36
355 0
15
355 1.5
13
355 1.0
11
320 0
10
340 0
10
355 0
10
380 0
36
345 0
13
345 1.5
12
345 1.0
10
320 0
10
345 0
10
360 0
10
380 0

Extra
Dust
(%)
0
0
1.0
0
0
0
0
0
0
1.0
0
0
0
0

Gmm
2.435
2.380
2.397
2.448
2.448
2.448
2.448
2.389
2.359
2.376
2.391
2.391
2.391
2.391

Note: Tmix=Mixing Temperature

In Table 3.3, MPM represents Meridian plant mixed and laboratory compacted specimens,
MLM represents Meridian laboratory mixed and laboratory compacted specimens, TPM
represents Tupelo plant mixed and laboratory compacted specimens, and TLM represents Tupelo
laboratory mixed and laboratory compacted specimens. Maximum mixture specific gravity (Gmm)
was determined on loose mixed materials as per AASHTO T209.
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Specimens produced in the laboratory followed plant produced mixture gradation and
mixture design. Additional binder and BHD were utilized in some of the mixes to observe their
effects on mixture properties. Mixture gradation and mixture design is summarized in Table 3.4,
3.5, and 3.6.
Table 3.4

Mixture Gradations Utilized in this Project

Mix
ID

Percentage Passing
(%)
37.5
25
19
mm
mm mm

12.5
mm

9.5
mm

No.
4

No.
8

No.
16

No.
30

No.
50

No.
100

No.
200

M58
M58a
M58b
M59
M59a
M59b
M59c
M60
M60a
M60b
M61
M61a
M61b
M61c

100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100

98
98
98
98
98
98
98
92
92
92
92
92
92
92

44
44
44
44
44
44
44
41
41
41
41
41
41
41

24
24
24
24
24
24
24
24
24
24
24
24
24
24

18
18
18
18
18
18
18
18
18
18
18
18
18
18

15
15
15
15
15
15
15
16
16
16
16
16
16
16

12
12
12
12
12
12
12
14
14
14
14
14
14
14

10
10
10
10
10
10
10
10
10
10
10
10
10
10

8.1
8.1
9.1
8.1
8.1
8.1
8.1
8.6
8.6
9.6
8.6
8.6
8.6
8.6

100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
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Table 3.5

Mixture Component Information for Meridian Plant and Laboratory Mixtures

Aggregates
#8 Limestone
1/2" Crushed
#89 Limestone
1/4x0 Limestone
Ag. Lime
Red Hills Fly Ash
Hydrated Lime
+Pb
+BHD

Source
%
Source
%
Source
%
Source
%
Source
%
Source
%
Source
%
%
%

Mix ID
M58

M58a

M58b

M59a, M59b, M59, M59c

Calera, AL
52
Hamilton, MS
20
Calera, AL
11
Calera, AL
6
Russellville, AL
7
Ackerman, MS
3
Longview, AL
1
-----

Calera, AL
52
Hamilton, MS
20
Calera, AL
11
Calera, AL
6
Russellville, AL
7
Ackerman, MS
3
Longview, AL
1
1.5
---

Calera, AL
52
Hamilton, MS
20
Calera, AL
11
Calera, AL
6
Russellville, AL
7
Ackerman, MS
3
Longview, AL
1
1.0
1.0

Calera, AL
52
Hamilton, MS
20
Calera, AL
11
Calera, AL
6
Russellville, AL
7
Ackerman, MS
3
Longview, AL
1
-----

Note: 0.3% of Fibers and 6.1% of PG 76-22 Asphalt Cement was utilized in these mixes; +Pb indicates extra binder and +BHD indicates extra baghouse dust
added to the mixture relative to design values.
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Table 3.6

Mixture Component Information for Tupelo Plant and Laboratory Mixtures

Aggregates
#89 Limestone
Ag. Lime
Red Hills Fly Ash
Hydrated Lime
#7 Scalp
-1/2" Slag
RAP
+Pb
+BHD

Source
%
Source
%
Source
%
Source
%
Source
%
Source
%
Source
%
%
%

Mix ID
M60
Cherokee, AL
28
Tuscumbia, AL
8
Ackerman, MS
4
Calera, AL
1
Tremont, MS
34
Memphis, TN
15
APAC Stockpile
10
-----

M60a
Cherokee, AL
28
Tuscumbia, AL
8
Ackerman, MS
4
Calera, AL
1
Tremont, MS
34
Memphis, TN
15
APAC Stockpile
10
1.5
---

M60b
Cherokee, AL
28
Tuscumbia, AL
8
Ackerman, MS
4
Calera, AL
1
Tremont, MS
34
Memphis, TN
15
APAC Stockpile
10
1.0
1.0

M61a, M61b, M61, M61c
Cherokee, AL
28
Tuscumbia, AL
8
Ackerman, MS
4
Calera, AL
1
Tremont, MS
34
Memphis, TN
15
APAC Stockpile
10
-----

Note: 0.3% of Fibers and 6.3% of PG 76-22 Asphalt Cement was utilized in these mixes; +Pb indicates extra binder and +BHD indicates extra baghouse dust
added to the mixture relative to design values.
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3.3.1

Laboratory Mixed and Laboratory Compacted Specimens
Aggregate samples were air dried and sieved into appropriate sizes for laboratory batching.

Dried samples were then batched following the mix design criteria (Table 3.5 or 3.6). Batched
aggregates were then combined to produce 5 kg mixes from which specimens were produced one
at a time. Prebatched aggregates were placed in an oven preheated to desired mixing temperature
(320, 340, 355, 360, or 380 0F) and were left overnight prior to mixing. When Reclaimed Asphalt
Pavement (RAP) was in the mixture (i.e., Tupelo mix), it was poured on top of heated aggregates
two hours prior to mixing, and all materials were heated for two more hours. Heated aggregates
were placed in a mixing bucket; hot binder (preheated in an oven for 4 to 5 hours prior to mixing)
was added, and the ingredients were mixed using a paddle and a trowel while they were still hot.
Mixed materials were then placed in a pan and were short term oven aged at their mixing
temperature for 90 minutes before compaction. Specimens were compacted using a Superpave
Gyratory Compactor to a height of approximately 115 mm and target air voids of 7 percent. It is
to be noted that the mixing tools and molds were preheated to maintain mixing and compaction
temperature as well as to prevent loss of materials by sticking to the tools. Compacted specimens
(Figure 3.2(b)) were extracted from the metal mold and were left to cool to room temperature for
at least one day before they were allocated for conditioning. A total of 81 (40 representing Tupelo
and 41 representing Meridian) laboratory mixed and laboratory compacted specimens were
produced.
3.3.2

Plant Mixed and Laboratory Compacted Specimens
Plant mixed materials were reheated in the laboratory to achieve average plant mixed

temperature of 345 0F for Tupelo mixes and 355 0F for Meridian mixes. Five kilograms of materials
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was placed into a mixing bucket from a pan (Figure 3.2(a)) that had been taken from a bucket of
plant mixed asphalt by heating the bucket to 275 0F for four hours. Additional heated binder and/or
BHD was added, ingredients were mixed with a paddle and trowel to uniformity, and the mixture
was placed into an oven set at the mixing temperature for 10 additional minutes before compaction.
Additional virgin binder and/or BHD was added to four plant mixed variations (M58a, M58b,
M60a, and M60b) in the laboratory to simulate fat spots (Figure 3.1(d)) that have been observed
at some field projects. Additional virgin binder and BHD dosage rates were based on the original
plant produced asphalt mass they were mixed into. Which means 1.5% additional virgin binder
equated to 75 grams while 1.0% additional virgin binder equated to 50 grams for every 5 kg of
plant mixed samples. Similarly, 1.0% BHD equated to 50 grams.

(a) Split mix (5 kg in each pan)
Figure 3.2

(b) Representative specimens

Split Mix and Laboratory Compacted Sample Specimens
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In cases where additional virgin binder and/or BHD was not utilized, 5 kg of mixed material
(Figure 3.2(a)) was heated to average plant mixed temperature and compacted to produce specimen
samples (Figure 3.2(b)). Specimens of 115 mm height and with target air voids of 7% were
produced using a Superpave gyratory compactor. Some specimens were also compacted at 4% air
voids to see the effects of air voids on mixture properties. Compacted specimens (Figure 3.2(b))
were extracted from the metal mold and were left to cool off at room temperature for at least one
day. A total of 125 (61 representing Tupelo, 64 representing Meridian) plant mixed and laboratory
compacted specimens were produced.
3.4

Density Measurements
Densities were determined following AASHTO T331 and AASHTO T209. Bulk specific

gravity (Gmb) was determined as per AASHTO T331 where each specimen was vacuum sealed in
a plastic bag using a Corelok machine and was submerged in water with temperature of 25 ± 1 0C.
Gmb was calculated using the weight of the specimen before vacuum sealing, weight of the bag
used, and combined submerged weight of the bag and the specimen. Maximum specific gravity
(Gmm) was determined on loose mixed materials as per AASHTO T209. Gmb values from
AASHTO T331 and Gmm values from AASHTO T209 were used to determine percentage air voids
(Va %) of each specimen.
3.5

Laboratory Conditioning Protocol
Seven different laboratory conditioning protocols (unconditioned being one of the

protocols) were used as a part of this experimental program. Four of the protocols (CP1, CP4, CP6,
and CP7) were used (or relevant commentary was presented) in previous works by Bazuhari et al.
(2018), Smith and Howard (2019), Doyle and Howard (2016), Cox et al. (2017), Smith and
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Howard (2018), Pittman et al. (2019), Bazuhari et al. (2020), and Howard et al. (2021) to varying
extent. Protocol numbers were maintained for consistency. CP9 and CP10 were first used by this
research group as a part of this thesis. Some of the specimens were tested unaged while the others
were subjected to different conditioning protocols (CP’s) before being tested for mixture
properties. Table 3.7 summarizes the conditioning protocols used.
Table 3.7

Laboratory Conditioning Protocols

Conditioning
Protocol
CP1
CP9
CP10
CP4
CP6
CP7

85 0C Oven
5 days
20 days
40 days
----5 days

64 0C Water
------14 days
28 days
14 days

Freeze- Thaw
----------1 cycle

Note: CP=Conditioning Protocol

Table 8 of Smith and Howard (2019) is the most comprehensive CP guidance to date. CP1,
CP4, and CP6 were observed to simulate roughly 0 to 2 years, 3 years, and 3 to 5 years of field
aging, respectively. CP7 has been observed to simulate 3 to 7 years of field aging in southern US
climate. CP1, CP9, and CP10 were chosen to study progressive effects of oxidation on mixture
performance. Similarly, CP4 and CP6 were chosen to study progressive moisture effect at lower
mixing temperatures.
3.5.1

Oven Conditioning
Ovens were pre-heated to 85 0C and initially room temperature specimens were placed into

the oven and conditioned in the oven for 5, 20, or 40 days. Specimens did not touch each other
during conditioning. No specimens were stored on the bottom shelf since it did not have holes on
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the bottom to allow for good airflow. At the end of the conditioning period, ovens were turned off
and specimens were allowed to cool to room temperature inside the ovens with doors opened.
3.5.2

Hot Water Conditioning
The specimens that were hot water conditioned were first vacuum saturated to 70 to 80 %

of T166 measured Va volume. Three different weights were recorded for each specimen (dry
weight, submerged weight after 4 minutes in water, and SSD) as specified in AASHTO T166 to
determine the Gmb. The Gmb values obtained from T166 and Gmm values obtained from T209 were
used to calculate percentage Va which was then used to calculate volume of air in each specimen.
The target was to fill at least 70% but not more than 80% of the void space with water. The T209
vacuum procedure was followed with some trial and error to get to the desired range of saturation.
The specimens that were saturated above 80% of T166 Va volume were dried using the coredry
apparatus and the process was repeated until acceptable saturation was achieved.

(a) Hot Water Bath
Figure 3.3

(b) Hot Water Conditioning

Hot Water Bath and Conditioning
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The water baths used in this experiment could each hold 9 specimens. Figure 3.3(a) and
3.3(b) shows the types of water bath used and representative specimens submerged in hot water,
respectively. Several water baths were filled with enough water to submerge 9 specimens and were
pre-heated to 64 0C. Vacuum saturated specimens were submerged in room temperature water until
a set of up to 9 specimens were ready to go into a hot bath (i.e., water and bath were at 64 0C prior
to introduction of room temperature specimens). All 9 specimens were placed in the bath within a
time frame of a few minutes. The conditioning period started when the water bath lid was closed.
Water temperature and water level were checked on a regular basis throughout the conditioning
period. Low water levels were compensated by adding water with a temperature close to 64 0C to
prevent high fluctuation in conditioning temperature.
Hot water conditioning ended after 14 or 28 days. For CP4 and CP6 specimens, water baths
were turned off, water was immediately drained from the baths, and specimens were left to cool
off and dry at room temperature. These specimens were dried for at least six weeks before they
were tested for Cantabro Mass Loss (CML). For CP7 specimens, water baths were turned off and
submerged specimens were left to cool off under water. They were then transferred into buckets
filled with water (still submerged) and were transported to the freezer where they came out of
water and went directly into a freezer.
3.5.3

Freeze-Thaw Cycle
The specimens that were cooled to room temperature while still submerged in water were

subjected to freeze-thaw cycle in upright freezers. Figure 3.4 shows one of the freezers with an
instrumented specimen used in this project.
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Figure 3.4

Representative Upright Freezer Utilized for Freeze-Thaw Cycle

The freezers were set to setting 5 and were pre-chilled to -22 0C. Two types of instrumented
specimens, one with 4-inch diameter and the other with 6-inch diameter, were used to monitor the
temperature. Instrumented specimens with 4-inch diameter had one thermocouple at the center,
and the specimens with 6-in diameter had one thermocouple at the center of the specimen and one
thermocouple at 1/4th of diameter from the edge. Each freezer had a total of 5 shelves numbered 1
through 5 from bottom up. Instrumented specimens were placed on shelf 4. Shelf 5 was discarded
because of discrepancy in temperature with other shelves in the past. Test specimens were evenly
distributed in shelves 1 through 4.
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(a) Freezer 1 Temperature log
Figure 3.5
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(b) Freezer 2 Temperature log

Temperature Data for Upright Freezers used for Freeze-Thaw Cycle

Note: IA-1, IA-3 = Thermocouple located at the center of a 4 in. diameter and 63 mm tall instrumented specimen. IA5-0.25, IA-5-c = Thermocouples located at ¼ diameter from the edge of the circular face and at the center of a 6 in.
diameter and 115 mm tall instrumented specimen, respectively. IA-4-0.25, IA-4-1/2 = Thermocouples located at ¼
diameter and ½ diameter from the edge of the circular face of a 6 in. diameter and 63 mm tall instrumented specimen.
IA-6 = Thermocouple located at the center of a 4 in. diameter and 115 mm tall instrumented specimen.

Figure 3.5(a) and 3.5(b) show temperature data for freezer 1 and freezer 2, respectively.
Freezers were initially prechilled to -22 0C. Eighteen specimens were transferred from water baths
to freezer 1 approximately at 120 hours causing the temperature to spike to approximately -5 0C
as seen in Figure 3.5(a). In the similar manner, 24 specimens were transferred to freezer 2
approximately at 144 hours causing a temperature spike as seen in Figure 3.5(b). Freezers were
left on with the doors shut for 24 hours, after which they were turned off, and the specimens were
thawed for the next 24 hours. After 24 hours of thawing, freezers’ doors were opened and
specimens were transferred to asphalt storage shelves where they were left to dry at room
temperature for at least six weeks before being tested for mixture properties.
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3.6

Field Aging
Several specimens were transported to the Columbus parking lot test section for field aging

(Figure 3.6). Each specimen was placed inside a white sleeve made out of PVC pipe. The
specimens were left on the asphalt paved lot to age under direct sunlight and weather over time.
None of the field aged data is included in this thesis as field aging processes to go beyond the
timeline of this thesis. The author was actively involved in getting the specimens into their aging
condition, and this thesis and those field aged data points are envisioned to be utilized together for
a combined assessment in the future.

Figure 3.6
3.7
3.7.1

Columbus Parking Lot Field Aging

Mixture Testing
Cantabro Mass Loss
Each specimen (unaged and laboratory conditioned) produced for this study was tested for

Cantabro Mass Loss (CML) in the Los Angeles Abrasion Machine. Cox et al. (2017), Doyle and
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Howard (2016), and Doyle and Howard (2011) provide more information on interpretation of
Cantabro testing of dense graded asphalt. Once dried and/or cooled, specimens were conditioned
in a temperature-controlled environmental chamber (25±10C) for at least overnight before being
tested for CML. Initial mass was taken for each specimen before testing. The abrasion drum was
heated to 25±10C using an electric heater and temperature was measured and recorded using a
digital thermometer. The heater was placed at a reasonable distance from the drum throughout the
test to maintain constant temperature of 25±10C. Each specimen was subjected to 300 revolutions
of the drum without steel spheres. Once 300 revolutions were completed, specimen was extracted,
slightly brushed off, and was weighed for final mass. After each test, the abrasion drum was
revolved once or twice with the drum feed lid off to let all the broken particles out of the drum.
Mass loss percentage was calculated using the following equation:

𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 % =

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠
𝑋 100%
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠
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(3.1)

CHAPTER IV
RESULTS AND ANALYSIS
4.1

Overview
A total of 14 mixes were used to produce 206 specimens each with a height of 115 mm that

were then subjected to Cantabro Mass Loss (CML) mixture testing. Some of the specimens were
subjected to different laboratory conditioning protocols before being tested while the others were
tested without conditioning to observe the severity of the damage caused by laboratory
conditioning. This section includes the results of 131 specimens that were either unconditioned or
laboratory conditioned. Seventy-five specimens that were left to age in the field are not included
in the analysis of this thesis due to timing of their removal from field aging. CML test results are
analyzed for the effects of laboratory conditioning, mixing temperature, air voids, and additives
like polymer modified binders and BHD on SMA mixtures.
4.2

Cantabro Mass Loss Results
Table 4.1 and 4.2 summarize test results for specimens produced to represent the Meridian

project and the Tupelo project, respectively. M58, M58a, and M58b were plant mixtures collected
from Meridian. M60, M60a, and M60b were plant mixtures collected from Tupelo. M58a and
M60a had 1.5% of polymer modified binder added to them. Similarly, M58b and M60b had 1%
of polymer modified binder and 1% of bag house dust (BHD) added to them as described in
Chapter 3. M59, M59a, M59b, and M59c were mixed in the laboratory using raw ingredients
collected from Meridian. Similarly, M61, M61a, M61b, and M61c were mixed in the laboratory
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using raw ingredients collected from Tupelo. Laboratory mixtures were produced at different
mixing temperatures to see the effects of mixing temperature on longer term mixture durability
indicators. Target air voids (Va) of 4% and 7% were used. Very few specimens were produced
with the target Va of 4% and were only subjected to CP9. The average mass loss percentage (ML%)
values of specimens with target Va of 4% are separated from 8% Va to observe the effects of Va on
ML.
Table 4.1

Test Results for Plant Mixed-Laboratory Compacted and Laboratory MixedLaboratory Compacted Specimens Representing the Meridian Project

Mix ID

Target Mix
Temp. (0F)

M58

355

M58a (+1.5% Pb)

355

M58b (+1% Pb, +1% BHD)

355

M59

355

M59a

320

M59b

340

M59c

380

CP

n

Unaged
CP1
CP9
CP9
CP10
CP4
CP6
CP7
Unaged
CP9
CP7
Unaged
CP7
Unaged
CP9
CP7
Unaged
CP2
CP6
Unaged
CP2
CP6
Unaged
CP9
CP7

3
3
3
3
3
3
3
3
3
1
3
3
3
3
1
3
3
2
3
3
1
3
3
1
3

Avg. Va
(%)
7.9
7.8
7.9
4.5
8.4
7.8
7.8
8.0
8.2
7.9
8.2
7.9
7.7
7.3
7.7
7.3
7.5
7.8
7.5
7.3
7.3
7.3
7.4
7.7
7.4

Note: CP = Laboratory Conditioning Protocol from Table 3.7, n = number of replicates.
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Avg. ML
(%)
8.6
10.0
11.4
10.1
15.2
10.1
12.4
13.0
6.7
8.8
9.1
7.4
12.8
5.9
11.6
9.9
4.8
9.6
8.0
5.3
10.2
8.6
6.3
9.4
9.3

Table 4.2

Test Results for Plant Mixed-Laboratory Compacted and Laboratory MixedLaboratory Compacted Specimens Representing the Tupelo Project

Mix ID

Target Mix
Temp. (0F)

M60

345

M60a (+1.5% Pb)

345

M60b (+1% Pb, 1% BHD)

345

M61

345

M61a

320

M61b

360

M61c

380

CP

n

Unaged
CP1
CP9
CP9
CP10
CP4
CP6
CP7
Unaged
CP9
CP7
Unaged
CP7
Unaged
CP9
CP7
Unaged
CP9
CP7
Unaged
CP9
CP7
Unaged
CP9
CP7

3
3
3
3
3
3
3
3
3
1
3
3
3
3
1
3
3
1
3
3
1
3
3
1
3

Avg. Va
(%)
7.9
8.0
7.9
4.2
7.3
8.0
7.9
8.1
8.0
7.8
7.8
8.0
8.0
7.5
7.3
7.5
7.8
7.4
7.4
7.6
7.3
7.7
7.6
7.7
7.9

Avg. ML
(%)
20.0
19.9
23.0
18.8
28.4
31.1
38.3
34.2
18.4
13.0
18.4
16.5
19.6
9.1
14.0
16.3
8.5
14.7
14.6
8.8
19.4
18.7
12.2
22.4
19.6

Note: CP = Laboratory Conditioning Protocol from Table 3.7, n = number of replicates.

Table 4.1 shows average Va levels and average ML percentage for unaged and laboratory
conditioned specimens representing the Meridian project. M58, M58a, and M60b were plant
produced mixes which were reheated to 355 0F to produce sample specimens in the laboratory.
M59, M59a, M59b, and M59c were produced in the laboratory with the target mixing temperatures
of 355, 320, 340, and 380 0F, respectively. Table 4.2 shows average Va and average ML percentage
for specimens representing the Tupelo project. M60, M60a, and M60b were mix samples collected
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from the plant that were reheated to 345 0F to produce laboratory compacted specimens. The
specimens were either unconditioned or were subjected to one of the six laboratory conditioning
protocols before testing. The effects of conditioning, mixing temperature, air voids, and additives
like polymer modified binders and bag house dust on SMA mixture are analyzed.
4.2.1

Effects of Laboratory Conditioning on Mixture Properties
Figure 4.1 shows equality plots comparing ML data of non-conditioned (labeled as unaged

in Table 4.1 and 4.2) specimens with laboratory conditioned specimens to analyze the damage
caused by laboratory conditioning. Mixture test properties from M58 and M60 are analyzed as
these are the only mixes that were subjected to all six of the laboratory conditioning protocol (CP1,
CP9, CP10, CP4, CP6, and CP7). The analysis utilizes initial data points that were used to calculate
average ML percentage presented in Table 4.1 and 4.2. Three replicate specimens from each mix
were tested without conditioning and three from each mix were allocated to each of the six
conditioning protocols. Mixture test properties of unaged specimens are plotted in the horizontal
axis and laboratory conditioned mixture test properties are plotted in the vertical axis. It is to be
noted that there is a large difference in ML values for M58 and M60 as these mixes came from
two different projects and had different mixture components. However, both the mixes show
comparable responses to laboratory conditioning. The equality plots show that the damage caused
to the specimens is directly related to the severity of the laboratory conditioning protocol.
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Figure 4.1

Unaged vs. Laboratory Conditioned Cantabro Mass Loss Equality Plots
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Figure 4.1 (a) shows the data points scattered along the equality line indicating that CP1
caused the least damage. The data points are noticeably above the equality line for CP9 (Figure
4.1 (b)) and CP10 (Figure 4.1 (c)) as these conditionings were more severe than CP1. Data points
for CP4 (Figure 4.1 (d)) and CP5 (Figure 4.1 (e)), when compared to CP1, CP9, and CP10, fall
further above the equality line indicating more damage. CP7 (Figure 4.1 (f)) is a combination of
CP1 and CP4 followed by 1 cycle of freeze thaw. Plotted data points show that the damage caused
by CP7 is more severe than the damage caused by CP1 and CP4 individually.
4.2.2

Effects of Mixing Temperature
Figures 4.2 and 4.3 show the effects of mixing temperature on mixture properties of

Meridian mixes and Tupelo mixes, respectively. Mass loss values for non-conditioned, CP9
conditioned, and CP7 conditioned specimens are used to compare the effects of mixing
temperature using a bar graph.

6.0
4.0
2.0
0.0

U n a ge d

M59a (320 °F)

Figure 4.2

CP 9

M59b (340 °F)

M59 (355 °F)

CP 7

M59c (380 °F)

Effects of Mixing Temperature on Meridian Mixture Properties
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Mixture test data for unaged specimens in Figure 4.2 shows an increase in damage with the
increase in mixing temperature. ML values increased roughly from 5% to 6% when mixing
temperature increased from 320 0F to 380 0F. CP9 conditioned specimens had similar effect with
temperature except for M59c mix (with mixing temperature of 380 0F) which has the least damage.
CP7 conditioned specimens showed similar behavior to CP9 conditioned specimens.
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21.1
18.0
16.9
19.2
17.1
22.4

12.0
13.5

14.0

14.7

15.0

8.5
8.8
8.1
8.3
9.6
9.5
8.8
9.0
8.5
11.1
13.0
12.5

ML (%)

20.0

18.2
17.6
16.5
14.8

19.4

22.4

25.0

5.0

0.0
U n a ge d

M61a (320 °F)

Figure 4.3

CP 9

M61 (345 °F)

M61b (360 °F)

CP 7

M61c (380 °F)

Effects of Mixing Temperature on Tupelo Mixture Properties

Figure 4.3 shows an increase in mass loss when the mixing temperature increased from
320 0F to either 345 0F or 380 0F for unaged specimens. M61b, when compared to M61 and M61c,
shows more resistance to damage when tested unaged. CP9 conditioned specimens showed
increase in damage with the increase in mixing temperature except for M61 mix. M61 shows the
best performance of all mixes for CP9 conditioning with 14% loss in mass. CP7 specimens shows
a general trend of increasing damage with the increase in mixing temperature. For reference
(Tables 2.1 and 2.2), most DOTs under SEAUPG do not recommend mixing temperature above
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340 0F as higher mixing temperatures can affect mixture durability. Figures 4.2 show similar trend
where ML values increase with the increase in mixing temperature with a few exceptions at
intermediate mixing temperatures. Mixture produced at 380 0F clearly have the highest ML value
in Figure 4.3. Results were likely because of change in binder properties at higher temperatures as
stated in Brown and Cooley (1999), Al-Qadi et al. (2012), Bahia et al. (2006), and Brown et al.
(1997).
4.2.3

Effects of Air Voids
Figure 4.4 compares the effect of air voids on mass loss for specimens compacted at 4%

and 7% Va levels. The first three bar chart pairs represent M58 and the other three pairs represent
M60. All specimens were CP9 conditioned and individual ML values for each specimen were
analyzed. The bar chart shows the specimens with 4% Va level were more resistant to damage than
the specimens with 7% Va level for both mixtures.
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Effects of Air Voids on Mass Loss

It is to be noted that the specimens were compacted to two different Va levels on purpose
and not because of compaction difficulties. However, higher Va levels can be tied back to mixing
and compaction temperature. Lower mixing temperatures make SMA mixes stiffer and harder to
compact resulting in more air voids if other factors remain constant (Bijleveld et al. (2012)).
Willoughby et al. (2001) reported findings from Washington State SMA projects and showed
higher air voids on cooler areas. A general trend of decrease in pavement life with increase in air
voids to which the results of this thesis tend to agree.
4.2.4

Effects of Binder and Dust Additions
Figure 4.5 analyzes the effects of additional PG 76-22 virgin binder (Pb) and bag house

dust (BHD) on ML results. ML test results of specimens with additions (Pb and/or BHD) are
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plotted on the horizontal axes and those without additions are plotted on the vertical axes.
Specimens with additions were either tested without conditioning or after CP7 conditioning.
Unaged and CP7 conditioned ML values for M58 and M60 are compared with M58a, M60a, M58b,
and M60b to see the effects of binder and BHD additions on mixture test results. The equality plots
show that the specimens with added binder and/or BHD performed better, both unaged and after
CP7 conditioning.
Figure 4.5 (a) compares ML values of unaged M58 and M60 mix specimens with unaged
M58a and M60a mix specimens. Analysis shows that the ML values for specimens without extra
binder or BHD are slightly higher than ML values for specimens with added 1.5% polymer
modified PG 76-22 binder. Similarly, Figure 4.5 (b) compares the ML values of CP7 conditioned
M58 and M60 mix specimens with CP7 conditioned M58a and M60a mix specimens. Trendline
slope shows that the mixes with added 1.5% polymer modified PG 76-22 binder performed much
better under CP7 conditioning.
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Figure 4.5

Effects of Polymer Modified Binder (Pb) and Bag House Dust (BHD) on Mass
Loss

Figures 4.5 (c) and 4.5 (d) show similar trend where the mixes with added 1% polymer
binder and 1% BHD seem to be more resistant to damage than the mixes without any additions.
Binder and BHD additions show minimal effect on resistance to damage for unaged specimens.
Resistance to damage meaningfully improved with the addition of binder and BHD when
specimens were subjected to moisture induced damage. Added polymer modified binder
introduced more polymers (stabilizer) to the mix that also helps prevent asphalt drain down
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agreeing to findings by Lavasani et al. (2015), Mogawer and Stuart (1995), and several DOT
practices reviewed earlier.
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CHAPTER V
SUMMARY AND CONCLUSIONS
5.1

Summary
The thesis provides information on effect of mixing temperature, binder content, and dust

content on behavior of SMA. A literature review showed that SMA uses have been gaining
popularity throughout the United States, particularly for high volume highways and interstates,
and studies have been performed to understand and improve the quality of SMA pavements. This
thesis involved collection of raw ingredients from an I20 and an I22 projects in Meridian and
Tupelo, Mississippi, respectively, that were then mixed and compacted in a laboratory to produce
SMA specimens. Plant mixed SMA samples were also collected from both projects and were
reheated and compacted in the laboratory with or without adding polymer modified binder (Pb)
and/or baghouse dust (BHD). Mixture durability assessments were performed on compacted SMA
specimens using Cantabro Mass Loss (CML) testing in an unaged state, or after one of the six
Conditioning Protocols (CPs) selected for this study.
5.2

Conclusions
The objective of this thesis was to analyze Mass Loss (ML) from CML testing of SMA

mixes mixed at different temperatures, with or without added Pb and BHD, and either tested
unaged or after being subjected to one of the six CPs to study the effect of such variables on
mixture properties. Conclusions are:
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1. ML values generally increased with the increase in mixing temperature. Mix M59
showed lowest ML values when mixed at 320 0F and highest ML values at 380 0F
particularly for unaged specimens. Mix M61 showed lowest ML values for mixtures
mixed at 320 0F and highest ML values for mixtures mixed at 380 0F for both unaged
and laboratory conditioned specimens.
2. ML values increased with an increase in air voids (Va). Specimens with 4% Va
performed better than specimens with 7% Va for both mixes M58 and M60 after CP9
conditioning. With other factors being constant, lower mixing temperatures can make
mixes stiffer and harder to compact resulting in higher air voids.
3. Added polymer modified binder had no large improvement in ML values for unaged
specimens, however, some improved behavior was seen when polymer modified binder
and BHD was added in combination.
4. ML values meaningfully changed after CP7 conditioning for mixes with either 1.5%
Pb or a combination of 1% Pb and 1% BHD added to them before compaction.
5. CP1, CP9, CP10, CP4, and CP7 conditioned specimens had lower ML values than CP6
(28 days in 64 0C water) conditioned specimens indicating that CP6 was the most
severe of all the conditioning protocols on the mixes utilized in this study.
This thesis is a part of a larger project which involves field aging – the data of which are
not included due to timing of their removal from the field. Conclusions provided are based only
on analysis of unaged and laboratory conditioned specimens. A collective assessment of unaged,
laboratory conditioned, and field aged specimens is expected to be available at a later date to
provide more comprehensive results.
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